Introduction
Carbohydrate binding proteins, called lectins, are well known to bind to both plasma and internal membranes in a variety of cell types (Faltynek et al., 1988; Panjwani et al., 1987; Sharon, 1987; Streit and Kreutzberg, 1987; Katoka and "soli, 1985; Gonatas et al., 1977) . The result of such an interaction is the initiation of a series of cellular events that include oxyradical production, phagocytosis, and modulation of the action of lymphokines (Faltynek et al., 1988; Korchak et al., 1988; Ohsaka et al., 1988; Sharon, 1987) . The interaction between a lectin and the cell membrane depends on the type of carbohydrate moiety present in the membrane. Since lectins are specific for a particular sugar, lectin binding has been used as a tool to provide insight into the biochemical composition of membranes (Kataoka and Tavassoli, 1985; Roche et al., 1985; Imber et al., 1982) and to identlfy cell types in cytochemical studies of both tissue slices and cultured cells (Schelper et al., 1987; Streit and Kreutzberg, 1987; Mannoji et al., 1986; Rozemuller et al., 1986) .
In neural tissue, lectins have been shown to interact with both neurons and glia. For example, wheat germ agglutinin (WGA) interacts via N-acetylglucosamine residues on cochlear hair cells (Gil-Loyzaga and Brownell, 1988) , whereas the galactose-and glu-Supported in part by a grant from the Alzheimer's and Related Disorders Foundation and the Office of Naval Research (CC). ' Correspondence to: Dr. C. Colton, Dept. of Physiology, Georgetown University Medical School, 3900 Reservoir Rd. NW, Washington, DC 20007. (DMSO), interleukin-1 (ILl), interferon (ar), or lipopolysaccharide (LPS) did not eliminate lectin staining, although the degree of staining was altered. Positive staining of the microglia was also associated with a functional change for at least one lectin, i.e., ConA. Superoxide anion production by microglia was increased in the presence of ConA. Overall, binding of the le& GS-1, RCA, WGA, and ConA can be used as an identifying tool for microglia in glial cultures, but intensity of staining varies depending on their functional state. (J Hisrochem Cytochem 40:505-512, 1992) KEY WORDS: Lectin; Microglia; Astrocytes; Macrophage; Glycoproteins; Interferon. coselmannose-specific lectins Ricinius communis (RCA) and concanavalin A (ConA), respectively, bind to post-synaptic densities of isolated cortical synaptic membrane (Gurd, 1977) . In glia, lectin binding is associated with microglia. Mannoji et al. (1986) demonstrated highly specific binding of RCA to microglia from tissue slices of normal human brain. In these studies no binding was seen to other types of glia or to neurons. Streit and Kreutzberg (1987) also demonstrated specific binding of the lectin Gnflonia simp/icifohz (GS-1) to microglia.
The use of lectins as a tool to identlfy microglia is of particular interest because of the potential relationship of microglia to certain neuropathological conditions. For example, WGA, ConA, RCA, UEA, and DBA have been shown to bind to amyloid deposits and to neurofibrillary tangles (Mann et al., 1988; Vorbrodt et al., 1988; Panjwani et al., 1987) . Although microglia have been implicated in the formation of amyloid plaques (Schmechel et al., 1988; Goldgaber et al., 1987) , it is not clear what cell type is associated with the lectin staining seen in the plaques. Differences in fixation and tissue preparation have led to confhcting reports about which lectins interact with microglia (Schelper et al., 1987; Sueit and Kreuttberg, 1987; Rotemuller et al., 1986) . To provide more information on the interaction of various lectins with microglia, we have examined lectin staining pattems in isolated cultured microglia and in mixed glial cultures. In addition, since microglia can undergo functional changes similar to those seen in other tissue macrophages (Perry and Gordon 1987 Giulian and Baker, 1986) , we have examined lectin staining in microglia when their functional state was altered by treatment with various agents.
Materials and Methods
Glial Culture. Primary glial cultures were prepared from the cerebral cortices of 2-day-old neonatal rat or fetal mice (Day 15 of gestation) as described previously (Colton and Gilbert, 1987; McCarthy and de Vellis, 1980) . Briefly, cerebral cortices were dissected and placed in Leibovitz's (L15) medium. Under a binocular microscope. the meninges were removed and the cortices placed in fresh Ll5 to minimize contamination from blood cells. The tissue was then dissociated by trituration and gently pelleted by centrifugation (400 x g). The cells were re-suspended in Dulbecco's medium (DMEM). containing 2 mM glutamine, 4.5 g/liter glucose, 25 pg/ml gentamycin, and 10% fetal calf serum, and were plated into 75-cm2 flasks. These conditions have been shown to be unfavorable to neuronal growth (McCarthy and de Vellis, 1980) and produce a mixed glial culture.
The glial cells were cultured for 10 days, after which either a mixed glial preparation or a purified microglial preparation was obtained. For a mixed rat or mouse glial preparation, the glial cells in the flask were resuspended by scraping and were replated directly onto poly-D-lysine-coated glass coverslips in 24-well culture plates. Purified rat microglia were obtained by shaking the rat mixed glial cultures at 250 rpm for 15-20 hr. The suspended cells were then centrifuged, re-suspended in Earle's balanced salt solution (EBSS), and seeded onto coverslips or into 96-well dishes. After adhering for 1 hr at 37'C. these cells were then washed twice with EBSS. The remaining cells were greater than 95% microglia. Because mouse microglia were difficult to separate from the underlying astrocyte layer, a purified fraction could not be obtained as described for rat. Instead, mouse microglia were grown in 10% horse serum rather than 10% fetal calf serum. This produced conditions unfavorable for growth of other glia and generated a highly purified mouse microglial culture (essentially 100% microglia).
Cell Identification. Microglia were identified by both histochemical and immunocytochemical means. Using these techniques, cultured microglia demonstrated a positive reaction for nonspecific esterase (Giulian and Baker, 1986; Ling et al.. 1982) and for the C3b receptor using the antibody OX42 (Perry and Gordon, 1989; Robinson et al., 1986) . Astrocytes Type 1 and 2 were idendied by the presence of positive staining for glial fibrillary acidic protein (GFAP) (Raff et al., 1979) . Oligodendrocytes were identified by their positive staining with an antibody (Gal-C) directed against galactocerebroside (Ranscht et al., 1982) . Cultures were negative for neurofilament.
Materials. Lectins were obtained from E-Y Laboratories (San Diego, CA) or Sigma (St Louis, MO) and were diluted in PBS. The following agglutinins were used: concanavalin A (ConA), wheat germ agglutinin (WGA), Ricinus communis I (RCA), Gkffoniasimplicifoliaolitl 1 and 2 (GS-1 and GS-2), soybean agglutinin (SBA), DoLibo brflon*r agglutinin (DBA), Ulexeumpmm agglutinin (UEA). Baubznitl purpurea agglutinin (BPA), peanut agglutinin (PNA), and Ahlurupomifra agglutinin (MPA). A monoclonal antibody against glial fibrillary acid protein (GFAP) was obtained from Sigma and used at a dilution of 1:400. The antibody OX42 was obtained from Serotec (Indianapolis, IN) and used at 1:lOO. Gal-C was a generous gift from Barbara Ranscht (La Jolla Cancer Research Foundation) and was used at a concentration of 1:50. Recombinant rat gamma interferon was obtained from Amgen (Thousand Oaks, CA); murine IL1 alpha was obtained from Genzyme (Cambridge, MA); rat alpha/ beta interferon from Lee Molecular Research Laboratories (San Diego, CA), and lipopolysaccharide (E. coli, 026:B6) from Sigma. Alpha-D-mannose, L-fucose, and galactose were obtained from Sigma. All sugars were diluted in PBS to a final concentration of five times the concentration of lectin (0.4-0.6 mM).
Lectin S&g.
Coverslips containing cultured microglia and astrocytes were rinsed in PBS and placed in a humid chamber. To prevent intemalization of the lectins. the cells were treated with 0.02 % sodium azide in PBS. Livc cells were then treated with fluorescein (F1TC)-or rhodamine (TR1TC)-labeled lectin (1:IO dilution unless otherwise noted) for 30 min at room temperature, fixed with 4% formalin for 30 min, and mounted using glycerol-saline for viewing with a fluorescent microscope.
To identify the type of cell that stained with the lectins, double-labeling experiments were performed using antibodies directed against cell-specific antigens. For GFAP identification of astrocytes, lectin-stained cells were fixed and permeabilized with acid-alcohol for no longer than 3 min at 4'C, rinsed in DMEM containing 10% FCS, and treated with an antibody against GFAP for 60 min. The cells on the coverslips were then rinsed with PBS and treated with a TRITCor FITC-labeled F(ab)'2 fragment of the appropriate secondary antibody (1:lOO). For double labeling with OX42 or GALC, live cells were treated with the antibody for 30 min, followed by the appropriate fluorescence-labeled F(ab)'2 secondary fragment and then lectin stained. Negative controls were provided by replacing the primary antibody with PBS in the staining protocol.
In some experiments, cells were pre-fixed with either 4% paraformaldehyde or 4% formalin for 30 min. Endogenous peroxidase was blocked by treating the fixed cells with 0.3% H202 in methanol for 15 min. The cells were washed with PBS and then treated with peroxidase-coupled lectin for 30 min. The reaction product was visualized by using the chromogen diaminobenzidme (DAB), developed in PBS in the standard fashion (Dakopam DAB Kit; Glosuup, Denmark).
Cell Treatment. After plating onto glass coverslips, mixed glial or purified microglial cells were treated with the following agents: 1% (v/v) dimethylsulfoxide (DMSO) in DMEM for 7 days or 100 Ulml rat (or mouse) alphalbeta interferon (IF"), 1 or 10 pglml LPS, 1 Mlml LF'S plus 100 Ulml gamma IFN or 10 Ulml murine IL1 alpha for 48 hr. Untreated cells were grown for the same durations and served as age-matched controls.
Superoxide Secretion. Production of superoxide anion was measured by a cytochrome C reduction assay as described (Colton and Gilbert, 1987; Pick and Mizel, 1981) . For the assay, microglia were isolated as described above, plated into 96-well dishes, and allowed to adhere overnight. Superoxide anion generation was stimulated by treating the cells with 50 pg/ml ConA. Opsonized zymosan was used as a positive control for superoxide production. Freshly isolated human monocytes (generously provided by Dr. Liana Harvath; Blood and Cellular Components Lab, FDA, Washington, DC) were also plated into 96-well dishes and treated with 50 pglml ConA. Protein content was determined by a Lowry assay and the results expressed as nanomoles superoxide produced per milligram protein. For microglia, a minimum of three wells per experimental condition for three different culture groups were studied and significance was determined using an unpaired Student's t-test.
Results

Lectin Binding to Microglia
A series of 11 different lectins was examined for their ability to bind to the surface membranes of cultured microglia. The lectins, their carbohydrate specificity, and their relative intensity of fluorescent staining are shown in Table 1 . Intensity was evaluated by the degree of membrane staining such that the most intense ( + + +) was associated with the highest degree of contiguous membrane staining and the least intense (+) associated with infrequent membrane staining. Of the 11 lectins tested, the following demonstrated some degree of positive staining; GS-1, RCA, WGA, ConA, UEA, BPA, SBA, and DBA. Of these, the most intense staining was seen with GS-1, RCA, WGA, and ConA. No staining was seen with GS-2, MPA. or PNA. Lectin staining of microglia was dose dependent, with optimal specific staining seen at a dilution of 1300 to 1125. No staining was seen below a lectin dilution of 1:400. Specificity of binding for three of the lectins, GS-1, ConA, and UEA, was demonstrated by examining staining patterns in the presence of sugars known to be competitive inhibitors. Fucose, galactose, and mannose were used to reduce the binding of UEA, GS-1, and ConA, respectively. In this case, microglia were pre-treated for 30 min with PBS containing the appropriate sugar and then treated with lectin plus the sugar. As shown in Figure 1 , reduction in membrane staining was evident in cells treated with a mixture of sugar and lectin compared with lectin alone.
Determination of the cell specificity for lectin binding was performed using cell type-specific antigens and double-labeling techniques. As shown in Figure 2 for RCA (Figures 2A and 2B) , GS-1 ( Figures 2C and 2D) , and WGA (Figures 2E and 2F) , lectin staining was associated with GFAP-negative cells. ConA also intensely stained microglia ( Figures 2G and 2H ). However, dilutions of ConA of 1:100 or less weakly stained astrocytes, reducing its effectiveness as a specific microglial marker. The lectin staining pattern for GS-1, RCA. and WGA indicates that Type I and Type I1 astrocytes did not significantly interact with lectins. Lectin staining was associated with 0x42-positive cells (Figure 3) and was not seen on Gal-Cpositive cells (not shown). Lectin staining was therefore highly localized to cells that contsined C3b antigens on their surface and that did not contain typical oligodendrocyte or astrocyte antigens.
Changes in Lectin Binding with Functional State of the Microglia
Because the expression of macrophage membrane antigens changes with the function of the macrophage (Adams and Hamilton, 1984) , we examined the lectin staining patterns in microglia treated with I agents known to produce functional changes in other tissue macrophages. A "resting" state was induced by continuous treatment with DMSO for 1 week (Giulian and Baker, 1986) . Treatment for 48 hr with inflammatory mediators such as alphalbeta or gamma IFN, IL1 alpha, or LPS was used to generate an "activated" macrophage state. The concentrations and duration of treatment with these agents were chosen from previous studies in rat and mouse microglia and were associated with measurable microglia functional changes (e.g., superoxide anion, protease andlor IL1 alpha production).
Typical membrane staining patterns obtained after treatment are shown in Figure 4 for GS-1. For each lectin studied, treatment with 1% (vlv) DMSO decreased the intensity of membrane lectin staining but did not completely eliminate it. Untreated cells grown for the same length of time showed no noticeable changes in the intensity of staining for GS-1, RCA, WGA, ConA, UEA, and DBA. Treatment with 1 or 10 pglml LPS, 100 Ulml of alphalbeta or gamma IFN, a combination of 1 pglml LPS plus 100 Ulml gamma IFN or 10 Ulml murine IL1 alpha produced the same membrane lectin staining pattern as seen in untreated cells.
Because fixation of the cells before lectin staining could change the pattern and intensity of staining, microglia were fixed with either 4% formalin or 4% paraformaldehyde before they were exposed to lectin. As shown in Figure 5 , intensity of GS-1 staining in pre-fixed microglia depended on the morphology of the microglia. Normal microglia exhibited a variety of shapes ranging from flattened, round cells with a central nucleus (asterisk, Figure  5 ) to branched cells to rod-like cells. A single cell often demonstrated several of these morphological characteristics (arrow, Figure  5 ). GS-1 stained the branched and rod-like cells more intensely than the flattened, round cells. This was true regardless of the fixative used. This difference in lectin staining pattern was pronounced in microglia that had been treated with LPS. Since LPS produced an increased number of flattened, round cells compared to untreated microglia, the LPS-treated microglia appeared to have an overall decrease in GS-1 staining when pre-fixed.
Lectinin duced Sup eroxide Production
To test if lectin binding to microglia could initiate a functional response, we examined the ability of one of the lectins, ConA, to stimulate superoxide anion production by the cultured microglial cells. ConA has been shown to initiate various processes in leucocytes, including oxyradical production (Korchak et al., 1988; Ohsaka et al., 1988) . The effect of 50 pglml ConA on microglial superoxide production is shown in Figure 6 . ConA-stimulated superoxide production reached a maximal value of 32.2 nMlmg protein (k9.4) at about 3 hr. This value was significantly higher than that seen for the non-stimulated (i.e.. resting) levels of secretion (5.7 2 6.8 nMlmg protein) but was significantly less than the amount of superoxidelmg protein generated in response to 0.5 mglml opsonized zymosan (60.5 2 8.9). We also compared the amount of superoxide produced by microglia with that produced by isolated human monocytes stimulated by 50 pglml ConA under our assay conditions. As also shown in Figured, there was no significant difference between the response Of and monocytes to this level of ConA. fixed with 4% paraformaldehyde before lectin staining. GS-1 was coupled to peroxidase and was used at a dilution of 150. Note the flattened, rounded morphology characteristic of LPS treatment in B) and the decreased GS-1 staining compared to the cells in A. Also note that a single cell may exhibit a branched, darkly staining region and a flattened, less stained region (arrow). Lectin dilution was 150. Bar = 40 vm.
Discussion
Cultured microglia, like other tissue macrophages, bind lectins in a specific manner. Of the 11 lectins tested, the most intense staining was seen with GS-1, RCA, WGA, and ConA, with a lesser degree of staining seen for UEA, BPA, SBA, and DBA. The remaining lectins studied, i.e., PNA, MPA, and GS-2, were negative. Lectin binding was specific for the type of sugar moiety and was competitively reduced in the presence of the appropriate sugar. Binding was also specific for microglia in the cultures. From the lectins that demonstrated binding, it can be assumed that at least glucoselmannose, beta-N-acety Igalactosamine, fucose, and sialic acidcontaining carbohydrate moieties are present in microglial membrane. This is consistent with the type of glycoproteins seen in other macrophage membranes (Sharon, 1987; Kataoka and Tavassoli, 1985; Roche et al., 1985; Imber et al., 1982) .
The role of one lectin binding glycoprotein on microglial membranes may also be similar to that seen in monocytic cells. For ex- ample, ConA induces a similar level of oxyradical production in both microglia and freshly isolated human monocytes. The presence of a physiological response to ConA also suggests that, at least for this lectin, the glycoprotein receptors are functional. The intense reactivity of microglia to certain lectins, particularly GS-1, RCA and WGA, allow these lectins to be used as cytochemical markers for microglia. Attempts to use these and other agents as microglial markers in tissue slices, however, has generated controversial results (Schelper et al., 1987; Streit and Kreutzberg, 1987; Mannoji et al., 1986; Rozemuller et al., 1986) , including the proposal that two distinct "macrophagic" cell types, i.e., the brain macrophage and microglia, exist in the CNS. Our studies from cultured microglia indicate that at least part of the confusion over the degree of lectin binding to in situ microglia may be due to variation in the functional stage of the microglia. In normal adult CNS, microglia characteristically demonstrate a decreased ability to phagocytose particles while retaining some Fc and complement receptors Gordon, 1987,1989; Streit et al., 1988; Murabe and Sano, 1982) . Cultured microglia demonstrate similar characteristics, especially when treated with DMSO (Giulian and Baker, 1986) . Under these conditions, microglial staining for GS-1, RCA, WGA, ConA, UEA, and DBA is reduced. Therefore, it might be predicted that resting microglia in the CNS would show a positive but reduced reaction for lectin. Studies on brain slices have shown this to be true (Streit and Kreutzberg, 1987) .
Activation of a macrophage by inflammatory mediators such as LPS, IL1 alpha or gamma, or alphalbeta IFN clearly changes the functional state of the cell. Exposure to gamma and alphalbeta IFN, for example, enhances macrophage MHC antigen expression, increases oxyradical production, and increases IL1 production (Virelizier and Arenzana-Seisdedos, 1988 ; Yoshida et al., 1988) . Cultured CNS microglia exhibit similar functional changes when they are treated with these agents (Colton et al., 1990; Frei et al., 1988; Suzumura. et al., 1987; Woodroofe et al., 1989) . Exposure to LPS and IL1 alpha increases protease production (Colton, unpublished observations) while LPS and alphalbeta IFN increase IG1 alpha production in both rat and mouse microglia (Colton et al., 1990; Woodroofe et al., 1989; Frei et al., 1988; Giulian et al., 1986) . It might be expected, then, that "activated" microglia can interact with lectin in a different manner. In our studies, the intensity of staining of GS-1, RCA, and WGA in gamma or alpha/beta IF", ILl alpha, or LPS-treated microglia was greater than that seen with DMSO treatment but did not change from the untreated condition. GS-1, RCA, and WGA binding sites, are therefore still present on microglia during different activation stages. Since this is apparently not true for the membrane antigens that are used in immunocytochemical identification of microglia (Graeber et al., 1990; Perry and Gordon, 1987) , these lectins are a more reliable tool for identlfying the CNS macrophage, the microglia. Interestingly, pre-fixing the cells before exposure to lectin alters the degree of lectin staining in both our studies in cultured microglia and in situ (Sueit and Kreutzberg, 1987) . In culture, microglia demonstrate a varied morphology which ranges from spiny, branched cells to flattened, rounded cells. In some cases, as shown in Figure  5 , the same cell exhibits both characteristics. When fixed with formalin or paraformaldehyde, the flattened, rounded microglia stain less intensely with GS-1, although membrane staining is still evident. Since this morphology is predominant in LPS-treated cells, this difference in staining pattern could be misinterpreted as evidence for two types of macrophagic cells, especially in regions of inflammation. Our data suggest that there is only one type of CNS macrophage.
Overall, the lectins GS-1, RCA, and WGA can be used as a technically easy and reliable means to idenufy microglia at various stages of activation in tissue cultures. However, variation in intensity of lectin staining with activation stage and with the type of fixation may explain, in part, why clear, consistent identification of microglia in CNS tissue slices is complicated.
